Normal macroscopic and roentgenographic feat ures of the skull of the ferret (Mus te la put o rius furo ) were examined and described. Data were based on a sample of 100 (50 male and 50 female) adult ferrets of known body weight and age. T he skull was described macroscopically according to six standard views, i.e. dorsal, lateral , ventral, caudal, cranial and midsagittal. T he mandible was described separately. T he roentgenographic characteristics of the ferret skull were demonstrated only in lateral and dorsoventral projections. Furthermore, the skull length and width as well as the minimum frontal width were measured, and skull indices were derived from relevant measurements. Sexual dimorphism was examined both morphologically and craniometrically. Besides the common features of a carnivore skull, the ferret skull is relatively elongated and¯at with a short faci al region. T he skulls of adult male ferrets are about 17% longer and 22% wider than those of the females. Signi®cant sexual dim orphism also exists regarding certain skull indices. T he general features and some dimensional parameters of the adult ferret skull support the contention that the ferret would be an interesting and workable alternative animal model in craniofacial research. (2002) 36, 86-96 C o rre spond e nc e to : Dr Ta ilun He , De partm e nt o f Ortho do ntic s, Fa culty o f O d o nto lo gy, G oÈte b o rg U niversity, PO Bo x 450, SE 405 30 G oÈte b o rg, Sw ed en E-m a il: Ta ilun.He @od o nto lo gi.gu.se
T he use of animal models in craniofac ial research has contribut ed signi®cantly to the improved clinical managem ent of patients with craniofacial disorders. Numerous experimental studies have been carried out with a wide variety of animal models such as rats, rabbit s, cats, dogs and non-human primates.
Rats and rabbits, which belong to the orders Rodentia and Lagom orphia, respectively, are commonly used animal models in craniofac ial research. In basic biological research, these anim al models are just as useful as more complex animal models such as carnivores and primates. However, compared with carnivores and primates, rodents and lagomorphs differ more markedly from man in their basic craniofacial and dental anatom y, development and function (Siegel & Mooney 1990 ) . T hese differences are unfavourable when designing advanc ed experiments in craniofac ial research, and can also raise doubts upon the extrapolations of ®ndings from these anim al models to humans.
Phylogenetically closer anim al models, such as carnivores and primat es, present more similarit ies to humans at these points. T hese animals are diphyodont, possessing more complex dentitions which comprise four classes of limited growth teeth: incisor, canine, premolar and molar (Navia 1977) . T hese teeth ®ll the post-incisor diastem ata that exist in rodents and lagom orphs.
Besides, carnivores and non-human primates also exhibit elongated palatal shelves. Because of these features, carnivores and primates are more suitable than rodents and lagomorphs for sophisticated experimental manipulations in craniofacial research (Siegel & Mooney 1990 ) . However, the systemat ic scienti®c study of carnivores and primates is restrained by the high cost, problems related to the large size and aggressive disposition of some primates, and the objection of antianim al research organizations which particularly target dogs, cats, and primates (King e t a l. 1988) . Under these circumstances, the search for workable alternat ive anim al models for craniofac ial research thus becom es critically necessary and can hardly be avoided.
T he ferret, a small carnivore which has been dom esticated for about 2000 years and kept for rabbit trapping in the old days, may avoid the above-m entioned shortcomings of using rats=rabbits or dogs=cats=primat es in craniofac ial research. T he ferret has become increasingly popular in scienti®c research since the 1960s and has been used in studies related to many biomedical ®elds (Fox 1998 ) . However, limited system ati c knowledge of the craniofac ial anatom y of the ferret has probably restricted its full application as an experimental model in craniofac ial research. Only brief descriptions exist of the craniofacial region of the ferret (Evans & An 1998 ) and further charac terization of its skull is necessary before the animal can be used in sophisticated craniofaci al research.
Purpose of the investigation
T he aim of this study was to describe the macroscopic anat omy of the skull of the adult ferret as well as the roentgenographic features of the anim al's craniofac ial region.
Materials and methods

So urce o f m a te ria l
Heads from 100 young adult ferrets (50 male and 50 female), aged 8±20 months and of known body weight (1600±2300 g in males and 730±1180 g in fem ales), were obtai ned as remnants of fur production from a ferret farm in the southern part of Sweden. T he animals had been killed by an overdose of carbon dioxide, a standard method for the commercial slaughter of ferrets.
Sk ull pre pa ra tio n All soft tissues were removed from the skulls by boiling, detaching and rinsing, so that a clear view of the ®ne bony structures was achieved. T he skulls were then left to dry at room temperature before further measurements and observations.
Ma c ro sc opic o b se rva tio n
T he general characteristics of the ferret skulls were studied in six standard views, i.e. dorsal, lat eral, ventral, caudal and cranial (Figs 1-5 ). Some skulls were cut sagit tal ly close to the midline to enhance exam ination ( Fig 6) . T he mandibles were examined and described separately (Fig 7) . T he complete secondary dentition was maintained in all ®gures.
Ro e ntge no gra ph ic e xa m ina tio n
Roentgenographic features of ferret skulls were examined by taking lateral and dorsoventral roentgenograms of whole skulls. For clari®cation, the roentgenogram s presented here were derived from mid-sagittally cut skulls for the lateral projections and skulls free of mandibles for the dorsoventral view (Figs 8 and 9). T his was done to avoid dif®culty in reading caused by double contours or mandible superimposition. Metallic mark ers were used when takin g the roentgenograms to help with the identi®cation and locat ion of some vague anatom ical structures on the roentgenograms, e.g. hypophyseal fossa, maxillary sinus.
C ra nio m e try
To estimate the skull size and how it is related to the sexual dim orphism of adult ferrets, the following measurements ( Fig 10 ) were taken on all 100 dry ferret skulls, to an accuracy of 0.1 mm:
(1 ) Skull length (linear distance between prosthion and inion. Prosthion: rostral end of the inter-incisive suture, located between the roots of the upper central incisor teeth; Inion: central surface point on the external occipital protuberance). (2 ) Skull width (maximum bizygom atic width). (3 ) Minimum frontal width (closest distance between the frontal bones of two sides).
Two skull indices were also calculated to investigate possible sexual dimorphism: SL indexˆ(skull width=skull length)6100% FL indexˆ(minimum frontal width=skull length )6 100%
Sta tistic a l m e th od s
Descriptive stati stics were calculated to characterize the three measurements. Unpaired t-tests were used to investigate the sexual dimorphism regarding skull size and skull indices. A difference was considered to be signi®cant if the P value was less than 0.05.
Erro r o f th e m e th o d
T hirty skulls (15 males, 15 females) were randomly selected from the complete sample for double determ inations of all variables. Paired t-tests showed no signi®cant differences between the double measurements for any of the variables, indicating no systematic errors. Correlation analyses were used to test possible associat ions between the double determinations, and all covariances were between 0.994 and 0.999. T he accidental errors of the double determinations were calculated using Dahlberg's form ula, and were expressed as percentages of the variances of the whole sam ple (nˆ100 ) (Houston 1983 ). T he errors ranged from 0.2±4.0% of the total variance for the different variables, meaning that the measurements were of acceptable precision (Midtga Êrd e t a l. 1974).
Observations and results
T he skull of a ferret can basically be divided into a facial plus palat al region and a cranial portion. T he faci al region of the adult ferret is short and is about one-third of the length of the cranial portion. Various skull elements fuse with each other during development, resulting in an absence of sutures in the adult skull. On the basis that there are general differences in size but no marked morphological deviations between the two sexes, the following description should represent both sexes of the adult ferrets, if not otherwise speci®ed.
Do rsa l vie w o f sk ull (Fig 1) C ra nia l po rtio n T he most prominent marki ng of the dorsum of the cranium is the external sagittal crest, a median longitudinal ridge. It is formed by the interparietal, parietal and frontal bones, and is more advanc ed in males than in females. Rostrally, the crest tends to split to form a`V', which normally extends to the post-orbital processes of frontal bones on each side of the skull. Generally the crest starts to split`earlier' in females than in males. T he angles, at which the crest splits, range approximately from 20 to 45 in females and from 30 to 90 in males. T he transition between the dorsal and caudal surface is a transverse crest, the nuchal crest, which is developed from parietal and occipital bones. T he broad and convex surface on each side of the dorsum of the skull is the temporal fossa, where the strong temporal muscle arises.
Fa cia l re gio n T he faci al region of the dorsum is relatively short and comprises the dorsal surfaces of the maxillary, nasal, and premaxillary bones, and the nasal processes of the frontal bones. T he premaxillae con- La te ra l vie w o f sk ull (Fig 2) C ra nia l po rtio n T he remarkable features of this part are the projecting zygom atic arch and the orbit. T he zygomatic arch, which curves dorsally and laterally, bends from the zygom at ic process of the maxilla to the zygom at ic process of tem poral bone, forming a large cavity on each side. T he zygom atic arch ful®ls three im portant functions: supporting the eye; serving as the origin of the masseter and part of the temporal muscle; and providing a surface of artic ulation for the mandible. T he orbit and the ventrally located pterygopalati ne fossa are continuous due to the absence of a post-orbit al bar. But on the medial surface the ventral orbital crest mark s the border of the two fossae and the dorsal boundary of the origin of the medial pterygoid muscle. T he external acoustic meatus is the opening to which the external ear is attac hed. T he tympanic bulla lies ventromedially to this opening and is best viewed from the ventral aspect.
Fa c ia l re gio n T he maxilla dominat es the lateral view of this region. T he oval infraorbital foramen, as a feat ured structure, faces rostrolaterally and lies ventrally to the lower orbital margin. T he alveolar jugum of the canine in the maxilla is also prominent in this view.
Ventra l vie w o f sk ull (Fig 3) C ra nia l po rtio n T he ventral aspect of the cranium is charac terized by the tym panic bullae and the occipital condyles. T he tympanic bullae are two noticeable in¯ated sacshaped protuberances lying on the two sides of the ventrocaudal part of the cranium . Medial to the tympanic bullae in this area is, from caudal to rostral, basioccipital , basisphenoid, and the presphenoid bones. T he basioccipital bone art iculates laterally with the tym panic and petrous parts of the temporal bone and rostrally with the body of the basisphenoid. T he latter bone fuses rostrally with the presphenoid and pterygoid bones. T he presphenoid bone also connects the perpendicular part of the palati ne bone laterally. T he pterygoid bone fuses with the basisphenoid caudally in the pterygoid process, and ends with the slender, ventrolaterally hooked hamulus at the apex. All the hamuli were bent to at least a right angle in the present sample.
T he mandibular fossa is charac teristically a transverse groove. T he small post-art icular process that projects from the mediocaudal basal portion of the mandibular fossa functions as a posterior brace for the condyle of the mandible. C a ud a l vie w of sk ull (Fig 4) T he occipital bone, which forms the caudal end of the skull, comprises paired exoccipitals with the occipital condyles, a supraoccipital, and a notched basioccipital part. T he lateral borders form a nuchal crest where the occipital meets the parietal and squamous part of the temporal bones. T he nuchal crest concaves rostrally at its mid-dorsal point, where it intersects the external sagittal crest (see also dorsal view). T he mastoid process is generally well developed and fuses with the ventral end of the nuchal crest on each side. T he foramen magnum is situated in the ventral part of the occipital bone.
Ro stra l vie w o f sk ull (Fig 5) T he frontal aspect of the ferret skull is formed by the rostral ends of the upper and lower jaws, each of which shows six incisors and two canines. A diastema exists lateral to the third upper incisor on each side. It provides the path for the lower canine when the jaws occlude. Both edge-to-edge and slightly positive overjet incisor relationships can be identi®ed in the ferrets. T he external nasal openings, through which the dorsal and ventral nasal conchae are perceived, are also prominent in this view. (Fig 6) Na sa l c a vity T he nasal cavit y consists of two sym metric halves that are separated from each other by the nasal septum. Eac h half houses the ventral nasal conchae ventrorostrally and the delicate, shell-thin turbinates of the ethmoid dorsocaudal ly. T he entrance of the maxillary sinus lies just above the hard palati ne, between the ventral nasal conchae and the turbinates of the ethmoid. T he maxillary sinus runs laterally and caudally, and the thin lat eral wall separates the sinus from the roots of the upper third and fourth premolars. T he frontal sinus and sphenoid sinus, both being invaded by the ethmoturbinates, can also be exposed in this view. T he dorsal, middle, ventral and common nasal meatuses are air passages form ed among the turbinates, nasal and palat ine bones, conchae and the nasal septum. T he nasopharyngeal meatus forms the airway extending from the caudal ends of the middle, ventral, and common nasal meatuses to the choana. At the caudal end of the nasal fossa, the cribriform plate of the ethmoid separates the nasal cavity from the cranial cavity.
Mid sa gitta l vie w o f sk ull
C ra nia l c a vity T he cranial cavity consists of three compartments. T he olfactory fossa is situated just caudal to the cribriform plate and houses the olfactory bulbs. Posterior to and continuous with the olfact ory fossa is the extensive cerebral fossa that houses the cerebrum, the diencephalon, and the mesencephalon. At the caudal base of this fossa lies the hypophyseal fossa. T he end of the cerebral fossa is marked by the tentorium osseum. Posterior to the tentorium there is the cerebellar fossa, which surrounds the pons, the cerebellum, and the medulla oblongata. T he foram en magnum opens at the caudal end of the cerebellar fossa. In the ventral rear of the skull, the petrosum forms from fused otic bones and itself contribut es to the temporal bone. A small delicate birdshaped bony structure rests on top of the petrosum anterior to the internal auditory meatus, charact erizing most of the ferret skulls in the sam ple.
Ma nd ib le (Fig 7) T he mandible consists of a pair of dentary bones that artic ulate anteriorly at the mandibular symphysis, a ®brocartilagin ous joint. From the sym physis, the two dentary bones diverge from each other, form ing thè V'-shaped mandibular space.
T he body of the mandibl e holds lower teeth. Small diastemata exist between the canine and the second premolar and between the third and fourth premolars. Rostrally, the body of the mandible looks relatively smooth and rounded and presents several mental foram ina, the rostral openings of the mandibular canal. T he largest and most caudal mental foramen is located ventral to the septum between the third and fourth premolars. T he ramus of the mandible resembles a triangle and contains three noticeable processes. Being a relatively high vertical structure, the prominent coronoid process is the largest and occupies most of the ramus. T he condylar process is situated at about the level of the posterior teeth, and expands transversely into a cone-shaped surface artic ulating with the apex of the cone toward a lateral position. It form s the temporomandibular joint (T MJ) by arti culati ng with the temporal bone. T he angle of the mandible is an inconspicuous eminence ventral to the condylar process. It serves as the insertion of the pterygoid muscle medially and the masseter muscle laterally. T he triangular masseteric fossa on the lateral surface of the ram us accommodates the insertion of part of the masseter muscle. T he shallowly depressed medial surface of the ramus serves as the insertion of the temporal muscle. Immediately ventral to this insertion is the mandibular foramen, the caudal opening of the mandibular canal.
G e ne ra l ro e ntgeno gra ph ic fe ature s o f th e fe rre t sk ull
La te ra l pro je c tio n (Fig 8) T he contour and thickness of most craniofaci al bones can be evaluated from this view. T he limits between the cranial and facial portions of the skull are clearly de®ned by the rostrally convex contour projected from the cribriform plate of the ethmoid. T he cranial part of the skull can be viewed as three compartments dem arcated by the corresponding projections of the caudal border of the cribriform plate and the tentorium osseum. T he petrous portion of the temporal bone is seen as a dense opacity, superior to the tym panic bulla. An oblique radiopaque line constitutes the base of the cranium . Just superior to this line and rostral to the dense petrous portion of the temporal bone lies a small radiolucent area, the hypophyseal fossa. Another highly radiopaque region is at the T MJ, where both the condyle and the mandibular fossa are of large transverse dimensions. In the facial part, the maxillary sinus is seen as a radiolucent area above the roots of the upper third and fourth premolars. T he hard palat e, which extends from the anterior to the posterior nasal spine, presents as a radiopaque line nearly parallel to the cranial base.
Turning to the mandible, the condyle is small if observed from the lateral view, and most of the condylar surface is surrounded by the mandibular fossa and the post-artic ular process. T he mandibular canal is viewed as a long and narrow radiolucent stripe extending from the mental foram en to the mandibular foramen. It runs directly beneath the roots of the premolars and the ®rst molar, and nearly parallel to the lower border of the mandible. T he large root of the lower canine extends all the way to the roots of the second and third premolars and its apex is very close to the mandibular canal. A general picture of the occlusion can also be established from this view.
Do rso ve ntra l pro je c tio n (Fig 9) An obvious opaque midline in the faci al part of the skull, resulting from the projection of the nasal septum, divides the facial skeleton into two symmetrical parts. Coronally, the projection of cribriform plate of the ethmoid bone separates the faci al part of the skull from the cranial part. Two maxillary sinuses with irregular contours are symmetrically located on two sides of the nasal septum at the level between the third and fourth upper premolars. Of particular note are the transversely wide mandibular fossae, located in the basal parts of the zygom atic processes. T he cerebral fossa can be seen as a big oval radiolucent area. On two sides of the caudal part of this area, are the projections of the tym panic bullae and the petrous portions of the temporal bones, between which the sella turcica can be located on the midline as a dim , radiopaque spot.
Se xua l d im orph ism a nd re la te d c ra nio m e tric ®nd ings (Fig 10) In addition to the above-m entioned sexrelated differences of some anatom ical features in ferrets, the body weight of the male ferrets was approximately double that of the females. Also, the males were about 17% , 22% and 12% larger than the females in skull length, maxim um skull width and minimum frontal width, respectively, in the present sam ple. T he variations in the measurements were generally greater for the males than the females (Table 1) .
Signi®cant differences also existed between the males and the females for the two indices calculated (Table 2 ). T he index SL, which describes the proportion of the maximum skull width to the skull length, was markedly greater in males than in females, i.e. a male ferret skull was generally wider than a skull from a fem ale for a given skull length. T he index FL is designed to express the relationship of the minimum frontal width to the skull length. In contrast to SL, FL was clearly higher in fem ales than in males, which could be interpreted as indicating that, for a given skull length, the minimum frontal width in fem ales is proportionally larger than in males.
Discussion
G e ne ra l c h a ra c te ristic s o f th e fe rre t sk ull
Belonging to the same order of Carnivore, the ferret, dog and cat share many similar characteristics of skull morphology (Wen e t a l. 1985). However, the ferret characteristically possesses an elongated¯at skull with a shortened facial region. T he morphology of the ferret skull re¯ects the basic role of accommodati ng the brain, apparatuses for intake of food and the upper end of the respiratory tract, and is determ ined by the variables included in the environment and mode of life. For instance, the elongated¯at head, as well as the slim body with short muscular legs, facilitates the ferret's burrowing nature. T he short facial length in the ferret may enhance the biting strength at the front of the jaws. Also worth mentioning is the ferret's hinge-like T MJ, inferiorly positioned mandibular condyle and posteriorly located axis for mandibular rotation. T hese typical carnivore T MJ con®gurations permit the ferret to open its mouth very wide without dislocating the mandible, when preying and shearing.
Carnivores usually have four premolars, but only three are found in the ferret, implying that the ®rst premolars of the ferret are either congenital ly absent, or lost after eruption and the sockets are left completely healed (Colyer 1990 ).
T he angulation of the ham ular hooks differs slightly between individuals, though it always equals or exceeds 90 . T his lat ter ®nding is in accord with the descriptions of some other authors (Ashton & T homson 1954 ) , and might be of taxonomic value.
It was also observed that the zygom at ic arch curves laterally and dorsally in the ferret but laterally and ventrally in the rat. An explanation might be that the animals use different chewing patterns. T he differences in the mechanism of the jaw movement are likely to have a decisive effect on the form of the skeleton.
Se xua l d im orph ism o f th e fe rre t sk ull
T he female ferret skulls are not simply smaller versions of the male skulls. T he males have a proportionally wider face than the fem ales. T his difference may re¯ect different functional dem ands on the masticatory apparatus for each sex during evolution, e.g. they access different types of prey to avoid severe competition for food in their natural habit at . T he differences of the masticatory muscle demands may also explain why the two sexes have different heights of the sagittal crest and varied angles at which the crest splits. Also possibly contributin g to the above sexual dim orphism as well as the great er variat ions of the measurements among male ferrets is the fact that the female ferret terminates its postnatal skull development earlier than does the male (Lawes & Andrews 1987) .
T he roentgenographic feat ures described here were based on midsagittally cut halves of ferret skulls and skulls free of mandibles. T herefore, the features might not exactly represent those of living animals. Furthermore, the description of the ferret's skull anatom y only focuses on mature animals, due to their ready avail abilit y use in this study. However, it would be useful to have inform at ion about skull development and ageing and further studies of these aspects are required. As an animal model in dental research, the ferret has been used in many studies such as of tooth eruption and development (Berkovitz & Silverstone 1969 , Moxham & Berkovitz 1983 , 1989 , periodontics (King 1944a ,b, Berkovitz & Moxham 1990 , Fischer e t a l. 1993 , Fischer & Klinge 1994a ,b, Fischer e t a l. 1994 , Fischer e t a l. 1996 , supernumerary tooth research (Berkovit z & T homson 1973 ), orthodontics (Moss & Gray 1973 , Moss 1980 , Mah e t a l. 1996 , oral physiology (Dessem & Druzinsky 1992) , dental material research (Tobi as 1980 ), endodontics (Holland 1991 , Rutherford & Gu 2000 and calculus research (King e t a l. 1955 , Harper e t a l. 1990 ). T he present study has extended the knowledge of the general features and some dimensional param eters of the adult ferret skull, which supports the contention that the ferret would be an interesting and workable alternative anim al model for future craniofac ial research.
